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Abstract. Natural phytoplankton from Lake Constance was 
used for chemostat competition experiments performed at 
a variety of dilution rates. In the first series at high Si:P 
ratios and under uniform phosphorus limitation for all spe- 
cies, Synedra acus outcompeted all other species at all dilu- 
tion rates up to 1.6 d-1, only at the highest dilution rate 
(2.0 d-  1) Achnanthes rninutissima was successful. In the sec- 
ond series in the absence of any Si a green algal replacement 
series was found, with Mougeotia thylespora dominant at 
the lowest dilution rates, Scenedesmus acutus at the interme- 
diate ones, and Chlorella rninutissima t the highest ones. 
The outcome of interspeciflc competition was not in contra- 
diction with the Monod kinetics of P-limited growth of 
the five species, but no satisfactorily precise prediction of 
competitive performance can be derived from the Monod 
kinetics because of insufficient precision in the estimate 
ofk~. 
The use of continuous cultures (chemostats) and the under- 
lying theory (Monod 1950) have been extremely useful in 
the analysis of interspecific ompetition for limiting nu- 
trients among phytoplankton. The experimental results 
published so far are highly consistent: Replicability is usual- 
ly very good within studies. Even at very different initial 
abundances of the competitors the final winners of competi- 
tion are the same if experimental treatments are identical 
(Sommer 1983; Tilman and Sterner 1984). There is even 
satisfactory replication between studies using algal material 
from different lakes, e.g. several Synedra species are domi- 
nant competitors at high Si:P ratios in the inflow medium 
(Tilman 1981; Smith and Kalff 1983; Sommer 1983; Kil- 
ham 1984). Moreover, the outcome of competition follows 
the predictions derived from nutrient kinetics established 
in monocultures (Tilman 1977, 1981 ; Holm and Armstrong 
1981 ; Kilham 1984). This agrees with the basic assumption 
of Tilman's (1982) competition theory: competitors interact 
only via consumption of their common resources. 
The simplest model of nutrient - growth relationships 
is the Monod (1950) equation, which relates the growth 
rate (u) to the ambient concentration of the limiting nutrient 
( s ) .  
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where #max (maximum growth rate) and ks (half saturation 
constant) are species pecific parameters. This relationship 
holds only under steady state conditions as realised in 
chemostat cultures. In a chemostat an equilibrium between 
the dilution rate (D, relative replacement of culture volume 
by freh medium per unit time) and the growth rate is at- 
tained, at which also the consumption of the limiting nu- 
trient and its renewal by the medium input are in equilibri- 
um. The equilibrium concentration (R*) of the limiting nu- 
trient can be obtained by rearranging Eq. (1): 
R* = #' ks ; at steady state: # = D. (2) 
#max --# 
If several species are grown together limited by the same 
nutrient he one with the lowest R* will replace all others. 
Coexistence is only possible via limitation by different re- 
sources. In a non-steady state environment (as natural 
waters usually are) more species can coexist (Sommer 1984, 
1985), provided that one single species is not the best com- 
petitor under all possible conditions, i.e. that there are 
trade-offs in competitive capabilities. 
The best studied trade-off is the inverse ranking of sever- 
al diatom species in competition for limiting Si and P (Til- 
man, Kilham and Kilham 1982). Synedra, Asterionella, Fra- 
gilaria, Diatoma, Stephanodiscus minutus, and Cyclotella 
meneghiniana c n partition the gradient of Si : P supply rate 
ratios, Synedra being the best competitor at the highest 
and Cyclotella at the lowest ratios. 
Species could also differ from each other by specialisa- 
tion in either high rates of non limited growth or high com- 
petitive power at limiting supply of one nutrient (high quo- 
tient #max~ks). This would be represented by intersecting 
Monod - curves. Smith and Kalff (1983) have denied this 
possibility on the basis of competition experiments with 
natural phytoplankton atdifferent dilution rates under pre- 
sumed phosphorus limitation. The hypothesis was that high 
dilution rates would select for high # . . . .  low ones for high 
#m,x/ks. However, in all their experiments Synedra cus be- 
came dominant. Their conclusions were challenged by Som- 
mer and Kilham (1985). These authors pointed out that 
several species not mentioned in the discussion were coex- 
isting in the experiments of Smith and Kalff (1983). There- 
fore, uniform P-limitation seemed not to be assured. More- 
over, there was indirect evidence from pulsed-state experi- 
ments (Sommer 1984, 1985) that temporal variability of 
the P supply permitted the long-term coexistence of several 
P-limited species. This would have been impossible without 
a trade-off between affinity and maximum growth rate. 
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Here I present he results of 12 experiments which are 
a replication of Smith's and Kalfffs approach, with the dif- 
ference that the range of tested dilution rates is extended 
towards higher values. Because of the shape of the Monod- 
curve it is to be expected that the shift in competitive domi- 
nance (if there is any) takes place at dilution rates not much 
lower than the maximum growth rate of the species with 
the lower # . . . .  9 
Methods 
Natural phytoplankton taken from the light saturated layer 
of Lake Constance on 2 May 1985 (series A) and 25 May 
(series B) were used as inoculum. Large zooplankton were 
removed by a net (150 gin), small zooplankton by bubbling 
the inoculum for 1 h with nitrogen and thus expelling the 
oxygen (Sommer 1983). The nutrient solution was Chu 12 
as modified by M/iller (1972), In series A a silicon concen- 
tration of 22.4 mg-1 1 (800 gM) and a phosphorus concen- 
tration of 31 ~tg. 1 - 1 (1 gM) were used, in order to exclude 
Si-limitation of any diatom species (Tilman 1981). In ser- 
ies B no Si was given at all in order to completely exclude 
diatoms, but P was given at 1 gM. Nitrogen was not limit- 
ing (365 gM). The influence of wall growth was excluded 
by transferring the cultures into a new flask twice per week. 
The light intensity was 1.6-1016 quanta cm-2.s  - 1, with a 
light:dark cycle of 14:10 h. The temperature was 18 ~ C. 
Samples for cell counts were taken at 2 to 3 days inter- 
vals. Lugol fixed cells were counted according to the Uter- 
m6hl standard technique, about 400 cells of all species men- 
tioned in the text or in the Figures were counted, giving 
a counting accuracy of about + 10% within 95% confi- 
dence limits. Cell counts were converted to biovolumes after 
measurements of 20 to 50 individuals of each species. Solu- 
ble reactive phosphorus in the supernatant of the cultures 
was measured at the end of the experiments according to 
Vogler (1965). 
In order to assess the maximum growth rates of the 
dominant species, they were transferred from the culture 
with the highest dilution rate, in which they had become 
dominant, into 5 nutrient rich (5 gM P) parallel batch cul- 
tures. The half saturation constants were calculated by sub- 
stituting the SRP concentrations in the chemostat experi- 
ments, the maximum growth rates, and the dilution rate 
into Eq. (1). 
Results 
Experiments of series A (Si-sufficient) lasted 20 to 24 days 
until 1 species achieved more than 95% of total biovolume 
and all other species howed a continuous decline over at 
least one week (Fig. t). Steady state of total biomass had 
usually been reached earlier (~day  15): Synedra acus was 
the winner of competition at all dilution rates from 0.5 
to 1.6 d-  ~. This range can be extended towards lower values 
by including the results of Sommer (1983) at 0.3 d-1, and 
the data of Smith and Kalff (1983) at 0.06 d -< At the 
highest dilution rate (2.0 d-1) Achnanthes minutissima be- 
came dominant. The estimates ofl~ma xobtained by the batch 
experiments were 1.58 (___0.08) d -1 for Synedra and 2.1 
(4- 0.03) for Achnanthes. The estimate for Synedra is consid- 
erably higher than a previous one (1.11___0.13, Sommer 
1983). No comparison for Achnanthes is available. 
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Fig. l. Species composition (% of total biovolume) in competition 
experiments with high Si supply. All species that ever reached 10% 
are shown. The numbers in the upper ight corner give % of win- 
ning competitor at the end of the experiment. The numbers on 
total biomass and on soluble reactive phosphorus refer to the end 
of experiments. Abbreviations: ast Asterionella formosa, ach Ach- 
nanthes rninutissima, chl Chlorella minutissirna, di Diatorna elonga- 
turn, fra Fragilaria crotonensis, ni Nitzschia cicularis, syn Synedra 
acbls 
Table 1. Kinetic parameters of the dominant competitors; maxi- 
mum growth rate (in In units.d-1), half-saturation constants of 
P-limited growth (in pg P.1-i) and intersection points of Monod 
curves expressed in growth rate-units 
Species #max ks inter- 
section 
Mougeotia thylespora 1.11 (_+0.14) 0.6-4.0 
0.09-0.88 
Scenedesmus aeutus 1.70 (___0.18) 4.3-4.4 
0.75-0.97 
Chlorella minutissima 2.15 (_+0.08) 6.5-7.1 
Synedra eus 1.58 (• <0.76 
0.30-1.58 
Achnanthes minutissirna 2.10 (+0.03) ~1.2 
Experiments of series B (silicon absent) took longer to 
reach the steady state (Fig. 2). At D=0.5 d -1 and 0.7 d -1 
the final outcome of competition between Scenedesmus acu- 
tus and Mougeotia thylespora was not yet clear after 
33 days. It looked, however, as if Scenedesmus was going 
to win at 0.7 d 1 and Mougeotia at 0.5 d-  1. The dominance 
of Mougeotia at 0.3 d -1 was in agreement with Sommer 
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Fig. 2. Species composition (% of total biovolume) in the competi- 
tion experiments without Si. Symbols as in Fig. 1. Additional spe- 
cies: mou Mougeotia thylespora, see Seenedesrnus acutus, cry Cryp- 
tomonas ovata 
(1983). Chtorelta minutissirna became dominant at the high- 
est dilution rates (1.2 and 1.6 d-1). It is probably identical 
with the Chlorella sp. in my previous experiments (Sommer 
1983, 1984, 1985). Maximum growth rate estimates were 
1.11 (+0.14) d -1 for Mougeotia thylespora, 1.7 (4-0.18) 
d -1 for Scenedesrnus acutus, and 2.15 (_+0.08) d -1 for 
Chlorella minutissima. These values are similar to those re- 
ported in 1983: Mougeotia 1.22 (_+0.20) d-  1, Chlorella 2.19 
(_+ 0.34), and two other species of Scenedesmus (1.68 _+ 0.20 
and 1.80_+0.10). 
Discussion 
The experiments show that competitive dominance of spe- 
cies changes along the gradient of dilution rates. This im- 
plies intersecting Monod - curves of the species involved. 
However, the transitions have been found in regions that 
were outside the range of experimental conditions used by 
Smith and Kalff, who only performed Si-sufficient experi- 
ments at dilution rates from 0.06 to 0.93 d -1. Here the 
transition from Synedra to Achnanthes dominance took 
place between 1.6 d-1 and 2.0 -d, i.e. Achnanthes could win 
only if the dilution rate exceeded the #ma~ of Synedra. In 
the Si free treatments ransitions in species dominance took 
place at lower dilution rates already. The replacement series 
Mougeotia - Scenedesmus Chlorella is consistent with the 
indirect conclusions from the pulsed competition experi- 
ments (Sommer 1984, 1985), where under conditions of a 
strong P pulse and subsequent depletion Chlorella most rap- 
idly started to increase but also stopped to increase first 
(after 2 days), while Scenedesmus increased at a medium 
rate until the third day after the pulse and Mougeotia in- 
creased rather slowly, but continued until the 4 th o r  5 th 
day. 
Recalculations of ks values from SRP concentrations 
are hampered by the fact that they are below or only slightly 
above the limit of detectability (1 gg P.1-1), a measured 
value of 1 ggP ' l  -x could, in fact, mean as well 0.5 as 
1.5 gg. 1-1. This makes it especially problematic to calculate 
the ks of Synedra. I f  the calculation is based on the experi- 
ment at 0.9 d-  x (SRP < 1 ~lg. 1-1) the k~ must be somewhere 
below 0.76 pg. l -  1. If it is based on the experiment at 1.2 d-  x 
(SRP~1 gg.1-1) the k~ is approximately 0.32 lig-1-1 (0.16 
to 0.48). The calculated ks of Achnanthes i  ~ 1.2 gg.l-1 
Half saturation constants of the green algae are higher: 
Mougeotia: 2.7 + 1.3 lig" 1-1 according to the experiment at 
0.3 d -1 and 1.2___0.6 gg.1-1 according to the experiment 
at 0.5 d- 1 ; Scenedesmus: 4.3 gg" 1 - 1 according to the exper- 
iment at 0.7 d -1 and 4.4 gg-1-1 according to the experi- 
ment at 0.9 d-X; Chlorella: 7.1 lig'l -x according to the ex- 
periment at 1.2 d-  1 and 6.5 pg. 1-1 according to the experi- 
ment at 1.6 d -1 (Table 1). 
Calculations can ce carried a bit further. It is possible 
to calculate the intersection points of the Monod curves 
of different species and thus predict the theoretical switch 
points along the gradient of dilution rates, although the 
location of the calculated switch points is extremely sensi- 
tive to slight errors in the kinetic constants. The switch 
point between Chlorella and Scenedesmus dominance must 
be between dilution rates of 0.75 to 0.97 d-  1, the switch 
point between Scenedesmus and Mougeotia between 0.09 
and 0.88 d-x. The switch point between Synedra and Ach- 
nanthes hould be somewhere between 0.3 d-x and the/~max 
of Synedra. Comparison between the competition experi- 
ments and the Monod based predictions hows that the 
outcome of competition experiments does not contradict 
the predictions derived from Monod kinetics, in spite of 
the fact that those predictions have been imprecise due to 
the lack of precision in the SRP measurements. 
The experiments have shown, that there are tradeoffs 
in the competitive abilities of phytoplankton species along 
the gradient of dilution rates. However, does the switch 
from one species to another take place within the naturally 
occurring range of turnover rates? Total phytoplankton 
growth rates calculated from lr and biomass 
(Tilzer 1984) in Lake Constance range from 0.25 to 1.1 d-1 
during summer (0.25 to 0.5 during the nutrient depleted 
period) and from 0.7 to 1.4 during the nutrient rich spring 
period and clear-water phase. It follows that the transitions 
within the green algal replacement series are within a realis- 
tic range of growth rates. Synedra, however, would never 
be outcompeted if P were the only controlling factor. Other 
factors like Si-limitation and above average losses by sink- 
ing have to be invoked to explain its rather limited success 
(sometimes a common, never a dominant species) in Lake 
Constance. 
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